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Methylammonium lead iodide grain boundaries exhibit
depth-dependent electrical properties

Inorganic—organic perovskite active layers have shown great
promise as photoactive layers for solar energy conversion. The
electrical properties of grain boundaries (GB) in these materials, as
well as the impact of these properties on the power-conversion
efficiency of completed devices, has been hotly debated. We
show, for high efficiency large-grain methylammonium lead
iodide thin films, that a depth-dependent resistance (R_,(2)) is
present, as well as considerable GB-to-GB heterogeneity in the
electrical properties.
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In this communication, the nanoscale through-film and lateral photo-
response and conductivity of large-grained methylammonium lead
iodide (MAPDI5) thin films are studied. In perovskite solar cells (PSC),
these films result in efficiencies >17%. The grain boundaries (GBs)
show high resistance at the top surface of the film, and act as an
impediment to photocurrent collection. However, lower resistance
pathways between grains exist below the top surface of the film,
indicating that there exists a depth-dependent resistance of GBs
(Rgg(2)). Furthermore, lateral conductivity measurements indicate
that Rgg(z) exhibits GB-to-GB heterogeneity. These results indicate
that increased photocurrent collection along GBs is not a prerequisite
for high-efficiency PSCs. Rather, better control of depth-dependent
GB electrical properties, and an improvement in the homogeneity
of the GB-to-GB electrical properties, must be managed to enable
further improvements in PSC efficiency. Finally, these results refute
the implicit assumption seen in the literature that the electrical
properties of GBs, as measured at the top surface of the perovskite
film, necessarily reflect the electrical properties of GBs within the
thickness of the film.

Organolead trihalide perovskites, such as MAPbI;, have seen
rapid development for solar applications since their first
demonstration in sensitized solar cells in 2009."”® The present
maximum certified efficiency for perovskite solar cells (PSCs)
now exceeds 22%.° Many questions remain about how these
polycrystalline thin films, which are typically solution cast,
operate in photovoltaic applications. In particular, it is still
unclear what role surface and grain boundary (GB) charge traps
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Broader context

Organic-inorganic perovskites have attracted significant attention from the
scientific community due to their great potential as constituent materials
in low-cost, scalable, and highly efficient photovoltaic devices. However,
many questions remain about how these polycrystalline thin films operate
in photovoltaic applications, and in particular, what role the electrical
properties of grain boundaries (GBs) play in determining the overall
properties of films and performance of devices. As a result, there has
been a research focus in recent years that attempts to construct a physical
model for the electrical and photophysical processes that occur at GBs. In
this communication, we show that large-grained methylammonium lead
iodide GBs exhibit GB-to-GB heterogeneity and depth-dependence in
electrical properties. At the top surface of the film, the GBs exhibit high
resistance and act as impediments to photocurrent collection. Below the
surface, there exist less resistive pathways that can typically be overcome
via electrical fields and low levels of photoexcitation. However, there is
considerable variability in the local lateral resistance, resulting in
collections of grains with lower lateral conductivity as well as some
grains that are electrically isolated from the surrounding film.
Altogether, this information can be used to target processing conditions
designed to specifically address the structure of GBs in order to control the
properties and maximize the performance of these promising materials.

play in the overall properties of the films and what the
best approaches are for further increasing the efficiency and
stability of these promising materials. The answer to the first
question may provide insight into the second question, as GBs
are known to play a critical role in the charge carrier dynamics
and photophysics of thin-film photovoltaic active layers, such
as CdTe, CIGS, poly-Si, etc.'®"* As a result, there has been
considerable research in recent years that attempts to construct
a physical model for the electrical and photophysical processes
that occur at the GBs of MAPbI; and related perovskite active
layers."®”"” However, there continues to be disagreement in the
community about the role that GBs play in the electrical and
photophysical properties of device-relevant films of these materials.
Some studies have suggested that GBs act as non-radiative
recombination centers.">'® In another study, it was suggested
that GBs are passivated via conversion to lead iodide,"® which

This journal is © The Royal Society of Chemistry 2016


http://crossmark.crossref.org/dialog/?doi=10.1039/c6ee01889k&domain=pdf&date_stamp=2016-10-01
http://dx.doi.org/10.1039/c6ee01889k
http://pubs.rsc.org/en/journals/journal/EE
http://pubs.rsc.org/en/journals/journal/EE?issueid=EE009012

Published on 23 September 2016. Downloaded on 29/11/2016 15:53:42.

Communication

minimizes non-radiative recombination. Still other researchers
have come to the conclusion that GBs lead to higher photo-
current collection due to more efficient charge carrier separation
and transport,'* or contribute to current density (J)-voltage (V)
hysteresis due to ion-migration."”

In this communication, device-relevant MAPbI; thin films
are examined with conductive-probe atomic force microscopy
(C-AFM) and photoconductive atomic force microscopy (pc-AFM)
to investigate the electrical properties and electrical property
heterogeneity at GBs. We examine the electrical properties of
GBs, and their associated effects on in-plane and through-
thickness electrical properties as well as local photocurrent
response. For a large-grained MAPDI; thin-film with >17%
efficiency in PSC devices, it is shown that GBs impede photo-
current (pc) collection and that the GBs are highly electrically
resistive at the top surface of the film. We also demonstrate that,
beneath the top surface of the film there exist less resistive,
lateral conduction pathways across most GBs. These pathways
may contain significant physical and/or energetic barriers
at GBs. However, these lateral barriers can be overcome via
electrical fields and low levels of photoexcitation, while the high
electrical resistance at GBs in through-film measurements remains
even under applied fields and photoexcitation. Furthermore,
while most GBs must exhibit sufficient lateral conductivity to
allow for measureable lateral currents under our experimental
conditions, the high electrical resistance of certain GBs results
in groups of grains that show a reduced electrical response and
certain grains that are near-completely electrically isolated
from the surrounding film.

The high electrical resistance at the top of GBs, coupled with
the variation in the effective lateral resistance under applied
electric fields and photoexcitation, strongly implies that the
electrical properties of GBs vary not only from GB-to-GB, but
also as a function of depth (z) from the top surface of the film.
That is to say that the resistance of GBs (Rgg) is a function of z.
To date, all studies have examined the properties at the top
surface of organic-inorganic films (e.g., surface workfunction
and conductivity) and have assumed that the GB properties
measured at the top-surface of the film are representative of the
properties of the GBs within the thickness of the film. While
this may be the case in some circumstances, there is no clear
physical or chemical reason to assume this to be true a priori.
Unlike previous studies in the literature, this work tests this
assumption and finds a significant difference in the electrical
properties of GBs at the top surface of these films as compared to
the subsurface electrical properties. These results will help guide
researchers towards targeted approaches that account for the
variation in the GB properties as a function of depth into the film.

MAPDI; active layers and devices were prepared via the
solution process recently reported by Yang et al.'® for PSC devices.
The MAPbI; active layer was ca. 350 nm thick for all experiments
and devices. The architecture consisted of fluorine-doped tin oxide
(FTO)/compact TiO,/MAPDbI;/2,2",7,7"-tetrakis (N,N-dip-methoxy-
phenylamine)-9,9'-spirobifluorene (Spiro-MeOTAD) hole transport
layer, and an Ag top contact. A schematic of the completed PSC
device is shown in Fig. 1a. Further details on the PSC device
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Fig. 1 (a) Schematic of the PSC device stack. (b) The dark and AM 1.5G
(100 mW cm™2) illuminated J-V response of a typical FTO/TiO,/MAPbls/
Spiro-MEOTAD/Ag device. (c) SEM image of the MAPbl5 layer. The MAPbI3
grains are typically &1 pm in diameter, and show distinct grain boundaries.

fabrication can be found in the ESI.f This process resulted in
MAPbI;-based PSC devices with short-circuit current density (Jsc)
and open-circuit voltage (Voc) of 21.2 mA cm ™2 and 1.07 V, and a
power conversion efficiency (PCE) of 17.3% under reverse scan
(100 mV s '), as shown in Fig. 1b. These devices did show some
hysteretic behavior, but maintained a stabilized PCE of >17% as
shown in Fig. Sla and b in the ESL{ The efficiency observed for
devices produced by this method is among the state-of-the-art
efficiencies to-date for planar standard PSC devices.>'**° Scanning
electron microscopy (SEM) images of the MAPDI; thin films (Fig. 1c)
indicate grains that are typically ca. 1 um in diameter and show
distinct grain boundaries. Additionally, the clear striations on the
grain surfaces suggest that these films are highly crystalline. Previous
studies have shown that this process leads to high quality, highly
uniform, textured, and pinhole free MAPbI; layers, which results in
PSC devices with high stabilized PCEs of >15% for devices with

active areas as large as 1.2 cm>."
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The height and photocurrent response of a MAPbI; active
layer on a FTO/TiO, stack are shown in Fig. 2a and b, respec-
tively. Measurements were taken under a dry N, environment.
A 523 nm wavelength LED was used for illumination and was
focused onto the sample with a spot diameter of ca. 440 um.
The intensity of illumination was ca. 100 mW cm > (further
details on the pc-AFM setup are in the ESIf). The AFM probe
used in this study was coated with a conductive iridium layer
and had a nominal tip radius of 28 nm. Due to the high
workfunction of Ir (ca. 5.3 eV) and the hole blocking character-
istics of TiO,, the current collected at the probe is due to the
collection of photogenerated holes. The average value for
the photocurrent in Fig. 2b is ca. 175 pA. Assuming that the
photocurrent response for FTO/TiO,/MAPbI,/Ir is less than or
equal to that for the FTO/TiO,/MAPbI;/Spiro-MEOTAD/Ag
device, we can calculate a lower limit for the effective charge
collection area (Aeg) from Aegr = Ipe/(Jsc x F), where Ac assumes
zero lateral diffusion from outside the electrode area, I, is the
average photocurrent from pc-AFM (Fig. 2b), Jsc is the short-
circuit current density from the completed device (Fig. 1b), and
Fis a ratio of the number of charge-generating photons from the
LED light source divided by the number of charge generating
photons from the solar spectrum (in this case F =~ 2). For
Ine = 175 pA and Jsc = 21.2 mA cm™ 2, A is ca. 0.41 pm?®. This
leads to an effective collection diameter of ca. 700 nm. The AFM
tip-sample contact diameter is estimated to be <10 nm based on
a Hertzian mechanics model of the tip-sample contact.”* There-
fore, A.¢r is approximately three orders of magnitude greater than
the tip-sample contact area (<300 nm?). We did not observe any

2.5F T T T
(C) ? — Dark
2 0H— Hluminated (0 V — +1 V)
—_ —— llluminated (+1V — -1 V)
< 1.5¢|— lluminated (-1V - +1V) .
= 1.0r N
o
’g 0.5r oy
O o0 2
-05|_ ’ 1 1 1 ]
02 00 02 04 06

Voltage (V)

Fig. 2 pc-AFM (a) height and (b) photocurrent data with no applied
voltage and 100 mW cm™2 photoexcitation with a 523 nm light-emitting
diode on a FTO/TiO,/MAPbIs sample. Photocurrent is impeded at GBs.
(c) Typical -V response taken near a grain center with ~170 nN
applied force.
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significant variation in the photocurrent of large grains (> 700 nm
diameter) as compared to smaller grains (<700 nm diameter),
nor did we observe a decrease in the photocurrent hundreds of
nanometers away from GBs. From this result, we conclude that
the high mobility and charge carrier lifetimes in the MAPbI; allow
for photogenerated holes to travel several hundred nanometers
from the location of the initial photoexcitation prior to collection
at the conductive probe, and that many photogenerated holes
laterally cross one or more GBs prior to collection. We note that
the electrical field associated with the photovoltage in pc-AFM is
likely to have a significant lateral component, based on the point-
plane geometry of the electrodes in this experiment. Thus, the
driving force for lateral motion of charges across GBs is greater
under these circumstances than in the case of either completed
planar devices or for samples with zero or one contact, as used in
spatially-resolved photoluminescence studies.

Additionally, it is important to note the variations in the
photocurrent response related to both GBs as well as striations
on the grains themselves. The results indicate that GBs impede
the collection of photocurrent, at least locally near the top
surface of the film. It is well established that the measured
current in conductive-probe AFM measurements increases with
increasing tip-sample contact area.”” The contact area between
the probe and the sample can increase dramatically, due to
both the local curvature of the sample resulting in contact
between the sample and the side of the probe tip, as well as
increased contact forces due to the lag-time of the z-piezo
feedback response while tracking up a feature. Therefore, if
the electrical properties of the sample were perfectly uniform,
then one would expect to measure a higher current at GBs due
to the increased sample slope in these regions. Interestingly, we
observe zero photocurrent at GBs, and thus our measurement
cannot be attributed to topography-related artifacts.

Previous pc-AFM studies have also established a relationship
between GBs and measured photocurrent on active layers.'*?*
The results presented here are in direct contradiction to the
results of Yun et al.,'* who reported an increased photocurrent
collection at GBs. At this time, it is unclear if the difference
between these results is due to differences in the processing
conditions of these films, or if the higher photocurrent
observed by Yun et al. at GBs is due to the higher contact area
between the tip and the sample in the concave grain boundaries.
In contrast, Li et al. demonstrated a reduction in the photo-
current response at GBs without an externally applied bias
similar to the results presented in this work.>* Unlike Li et al.,
we did not observe an increase in current at GBs when the
sample was illuminated under a small positive bias.

Fig. 2c shows typical current (I)-V sweeps taken near the
center of an individual grain. In these experiments, V was swept
from0Vto+1V,+1Vto—1V,and —1 V to +1 V, sequentially,
while under illumination. The I-V response was strongly hysteretic,
and exhibited a greater hysteresis than that observed for the
completed MAPbI;-based PSC devices (Fig. Sla, ESIT). However,
the current at 0 V in the 0 V to +1 V sweep is in good agreement
with the I,. results from Fig. 2b, which indicates that the photo-
current measured as the probe is scanned over an area does not

This journal is © The Royal Society of Chemistry 2016
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result from significant non-Faradaic current, e.g. ion migration
related to the moving electrical field as the probe is scanned
across the surface. Moreover, it is important to note that the
Voc results from Fig. 2c are significantly lower than those for
the completed devices in Fig. 1a. This reduced Vi is likely due,
at least in part, to the absence of a hole transport layer (HTL).
HTLs can drastically reduce surface trap states,"® and prevent
the direct contact of the metal tip with the MAPbI; thin film,
which may lead to metal-assisted quenching of photogenerated
charges, particularly at low internal fields. The striations
observed on the grains limit the collection of photocurrent.
This may be due to preferential formation of Pbl,,"*° or
perovskite hydration products,* at crystallographic steps. We
note that the pc-AFM measurements were performed under a
dry N, environment, and the results did not show evidence of
significant changes in the morphology or photoconductivity
response over the course of several hours.

C-AFM measurements were performed to determine if the
striations were limited to a surface effect. As shown in Fig. S2
in the ESLt the striations can be removed by scanning at a
sufficient force and/or through repeated scanning in the same
location. The GBs remain resistive under both reverse bias
(i.e. h" collection at AFM probe) (Fig. 3) and forward bias
(¢.e. h" injection at AFM probe, not shown). This indicates that
the absence of a measureable photocurrent at the GBs in this
system is due to a larger electrical resistance for hole transport
in the vicinity of GBs. The frequency distribution plot of the
current response, Fig. 3c, indicates a bimodal electrical response
with one maximum near zero and one near 170 pA. Further studies
are needed in order to determine the cause of the high resistance
at GBs. The high resistance may be due to degradation of the
material at the GBs to Pbl,,"**° by the preferential formation of
perovskite hydrates at GBs,>>*® and/or the development of a
high concentration of trap states at the top surface of GBs that
reduces the local hole charge carrier density.

Previous reports have observed variation in the local surface
potential, proportional to the local workfunction, of GBs vs.
grains with Kelvin-probe force microscopy (KPFM).'*'>'° Based
on this observation, it is important to consider whether the
current response measured in Fig. 2 and 3 is dominated by the
local conductivity of the sample or if a nano-Schottky diode
forms between the tip and the sample. The observed variations
in the local surface potential between grains and GBs in these
studies was estimated to be ca. 30 meV to 40 meV. This is
less than a factor of 1.5 greater than the thermal voltage
at room temperature, ca. 26 meV. The current response of
nano-Schottky diodes is expected to follow the equations
for thermionic emission and tunnelling currents, where the
dominant mechanism depends on factors such as the diode
area and the applied electric field.>” If a Schottky barrier were to
form at the probe-sample contact, such small variations in the
local surface potential would not lead to orders of magnitude
change in current across the junction. For a detailed discussion
which demonstrates that the local variation in the surface
potential is insufficient to lead to the current variations that
we observe in Fig. 2 and 3, the reader is referred to the ESLt
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Fig. 3 C-AFM (a) height data, (b) current data, and (c) a frequency
distribution plot of the current data for a FTO/TiO,/MAPbls sample.
C-AFM data collected under dark conditions and 2.5 V reverse bias
with ~170 nN applied force.

Since neither topographical artifacts nor variations in the local
surface potential can explain our results, we conclude that
the differences in measured current at GBs vs. grains are
dominated by differences in the local conductivity.

The results presented above indicate that GBs are resistive,
at least at the top surface for MAPDbI; layers fabricated in this
manner, but provide no insight into Rgp(z), i.e. are grains
electrically isolated from other grains by GBs or are there lower
resistance pathways below the top surface of the film? Indeed,
most if not all, of the discussions in the literature to date that
have discussed the electrical properties of organic-inorganic
perovskite GBs have been based on surface measurements and
the implicit assumption that the properties observed at the top
surface of the film represent the electrical properties of GBs
within the thickness of the film. Given the drastic difference in
trap state density observed by Shao et al. between the top and
bottom surface of MAPbI; thin films,'® and the depth depen-
dence observed in cathodoluminescence microscopy reported
by Bischak et al,'® it is reasonable to suspect that GBs may
also show a depth-dependent variation in properties, such as
chemical composition.

The formation of insulating Pbl, at GBs specifically has been
proposed to reduce recombination at GBs for MAPbI;,"* but
would not contribute to the photocurrent, consistent with
Fig. 2. Thus, it is expected that there will be an ideal thickness
for this inter-grain insulating region. If a depth-dependence, or

Energy Environ. Sci., 2016, 9, 3642-3649 | 3645
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GB-to-GB variation, in the electrical properties of GBs in opti-
mized films were to occur, this would indicate that the buffer-
layer is likely to be too thin in some areas to effectively act as a
buffer layer and/or be too thick in some regions thus unneces-
sarily reducing the volume of photoactive material. Indeed this is
in agreement with the results of Ke et al. who have recently
reported that the addition of Pb(SCN), as an additive for MAPbI,
processing leads to both an increase in grain size and an
increase in the formation of Pbl, at GBs with increasing additive
concentration.?® In their results, increasing the concentration of
Pb(SCN), up to 5% by weight in the precursor solution led to an
improvement in device performance. However, further increases
in the Pb(SCN), concentration led to a reduction in the device
efficiency. Electrical isolation of grains could also lead to artifi-
cially high photoluminescence responses in spatially-resolved
photoluminescence measurements by preventing lateral diffusion
of photogenerated charges from the location of the photoexcitation
and photoluminescence collection. To gain further insight into
the aforementioned points, two-probe electrical measurements
were conducted to assess the heterogeneity in the lateral
conductivity in these films.
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Fig. 4a shows a schematic of the two-probe lateral measure-
ments used in this study. Probe 1 was scanned with the AFM,
while probe 2 was fixed to the sample, such that only the probe
tip was in direct electrical contact with the MAPbI; layer.
We note that special precautions were needed to minimize
damage to the thin film during the mounting of probe 2. These
precautions are detailed in the ESL{ The location of the
stationary probe tip (probe 2) is indicated in the height and
current data by an inverted white triangle. The applied bias
between probes 1 and 2 was 3 V. The topography in this region
is shown in Fig. 4b, and indicates that the average grain size
and morphology of MAPDbI; on glass are similar to those of
MAPDI; on FTO/TiO,. A low level of illumination was necessary
in order to measure a current response. This may be due to some
minor damage of the MAPDI; surface during the mounting of
probe 2. This likely led to a less than ideal contact between probe
2 and the MAPDI; surface. Regardless, the contact was sufficient
to investigate the relative local conductivity of the sample.

In Fig. 4c, we observe collections of grains with similar local
lateral conductivity, as well as some highly electrically isolated
grains, as indicated by white ovals in Fig. 4b and c. The current

Frequency (a.u.)

0 20 40 60 80
Current (pA)

Fig. 4 (a) Schematic of the two-point lateral conductivity measurement. The sample is MAPbls on glass. Probe 1 is scanned over the surface, while probe
2 is affixed to the sample, such that only the probe tip is in contact with the MAPblIz thin film. A bias of 3 V was applied between probes 1 and 2. The

location of the stationary probe tip is shown by a white triangle in the height data (b) and current data (c). A 523 nm illumination with ca. 0.6 mW cm

-2

intensity was applied while scanning. White ovals in (b) and (c) indicate the locations of grains that are highly electrically insulated from the surrounding
film. (d) Frequency histogram of the current data demonstrating distinct levels of lateral conductivity.
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frequency distribution plot, Fig. 4d, indicates multimodal (> 3)
current distributions as a result of variable lateral conductivity
across GBs. This is in stark contrast to the bimodal current
distribution and observed grain-to-grain homogeneity for
through-film measurements in Fig. 3¢, and is a strong indicator
that there is a variable and depth-dependent profile to the
resistance of GBs, Rgp(2)-

We note that there is a correlation between the GBs observed
in the height response and a current response. In this measure-
ment, many GBs appear more conductive than their adjacent
grains. This appears to be an artifact which results from
GBs acting as “lateral capacitors” when they are between the
two probes. As the probe crosses a GB the lateral capacitor
discharges, resulting in an increased current at the GBs that is
not due to higher local conductivity. This effect is discussed in
more detail in the ESIL.{

In addition to the highly electrically isolated grains, there
are also low current regions within certain grains in Fig. 4c.
These correspond to features on the surface of the grains. These
are most likely the result of the formation of PbI, crystals on the
surface of the film during fabrication. Otherwise, the current
across a grain is found to be nearly uniform. The apparent
grain size observed topographically and the apparent grain size
observed electrically are equivalent, which suggests that the
apparent lateral grain sizes observed by AFM and SEM for this
system are the true lateral grain sizes. This is in agreement with
the recent findings of Reid et al., who reported a strong correlation
between the effective grain size extracted from gigahertz-frequency
charge carrier mobility measurements and the apparent grain size
observed in SEM measurements.*®

In Fig. 5a-c, we schematically depict the physical models of
organic-inorganic trihalide GBs presented in previous studies,
and in Fig. 5d, we present a depth-dependent model consistent
with the results presented in this work. The models suggested
in the literature include: traps at GBs which lead to increased
trap-assisted recombination,'*'® (Fig. 5a), formation of insulat-
ing products at GBs (PbI, or a perovskite hydration product)

View Article Online
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which results in a passivation layer at GBs that minimizes trap-
assisted recombination,’® (Fig. 5b), and hole-transport high-
ways at GBs which results in improved hole collection,"
(Fig. 5¢). In the case of an insulating material formed at GBs,
Fig. 5¢c, we note that the effective resistance of such a GB would
be proportional to the thickness of this intergranular region.

In our system, which has been shown to result in high-
efficiency MAPbI;-based PSC devices,'® we observe experimental
evidence that is most consistent with the model presented in
Fig. 5b, but observe no evidence to support the model presented
in Fig. 5c. Moreover, the absence of I,. observed in pc-AFM as
well as the absence of I under far reverse bias at GBs is also
consistent with the model presented in Fig. 5b. Furthermore, the
lateral measurements in Fig. 4 indicated regions that are com-
pletely electrically isolated from surrounding grains, also con-
sistent with the model in Fig. 5b. However, most of the GBs are
sufficiently conductive, such that low levels of photoexcitation
result in a laterally conductive pathway under an applied bias.
Thus, the following points can be concluded from the results:
(1) all GBs in the MAPDI; active layers under study are electrically
resistive at the top surface of the film, (2) some of the GBs are
resistive through the entire thickness of the MAPbDI; layer
(i.e. similar to the model in Fig. 5b) and finally (3) since less
resistive pathways can be observed across GBs in lateral
measurements, there must exist a depth-dependence of GBs
(Rgg(2)) such that there exists a lower resistance pathway in the
subsurface of the film that allows for measurable currents across
most, but not all, GBs in the film.

We hypothesize that GB-to-GB variations in Rgg(2) result in
the heterogeneity in the lateral conductivity that is observed
in Fig. 4. The measurements presented in this work cannot
determine the profile of Rgg(z), as both hypothetical profiles in
Fig. 5d are consistent with our observed results. However, since
ambient moisture has been proposed to act as a catalyst
for degradation of MAPbI; to Pbl,,***° and diffusion of MAI
into the surrounding environment is a driving factor for the
degradation reaction, it is likely that the material at the top

a) - (b)
o

Fig. 5 Physical models for the electrical properties of GBs presented in the literature include:

) GBs contain trap states that increase non-radiative

recombination, (b) GBs are passivated via the formation of Pbl insulating “buffer-layers” between grains, and (c) GBs can act as hole-transport highways
which maximize hole collection. The results of this study indicate that most GBs in this system are electrically resistive at the top surface of the film.
However, lateral conduction pathways are available between most grains, below the top surface of the film, indicating that physical or electrical barriers
at GBs are smaller below the top surface of GBs leading to a depth-dependence resistance (R(z)) as illustrated in (d). Two possible GB profiles that could
lead to the observed differences in through film vs. lateral conduction are shown in (d).
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surface of GBs will degrade at a faster rate than material that is
below the top-surface of the film. This would be expected to
lead to a reduced lateral resistance with increasing depth, as
proposed in the rightmost GB presented in Fig. 5d. Furthermore,
the properties of individual GBs, such as the misalignment angle
between adjacent grains, are expected to impact the diffusion
rate of moisture into the thickness of the film and the diffusion
rate of MAI out of the film. These effects may explain why we
observe heterogeneity in the lateral resistance. In all, the results
indicate that GBs exhibit depth-dependent electrical properties
and that the electrical properties of GBs are heterogeneous.
Improved control of GB properties is expected to be important
for further improvement of these materials.

Conclusions

In conclusion, we have investigated the local through-film and
lateral conductivity of large-grained (ca. 1 pm diameter) active
layers that result in >17% power conversion efficiency. While
several studies have investigated the electrical properties of GBs
at the top surface of MAPDI; films, this is the first study to
examine how subsurface GB properties affect lateral movement
of charges between grains. The data suggests that GBs exhibit a
depth-dependent resistance (Rgg(2)), where all GBs are highly
resistive at the top surface of the film, but lower resistance
pathways across GBs exist below the surface. Furthermore, the
electrical response of the lateral measurements indicates
that the apparent grain size observed in the topography data
corresponds to the true grain size.

While it has been implied in the literature that electrical
conductivity along GBs plays a beneficial role for efficiently
collecting photogenerated current, the results presented in this
work clearly indicate that photocurrent collection along GBs is
not a prerequisite for high-efficiency PSCs. Our results instead
indicate that the electrical properties of GBs vary as a function
of depth into the thickness of the MAPDI; layer, and from
GB-to-GB. Assuming that the GB electrical properties (e.g. electrical
resistance and band-bending) result in reduced recombination
in these films, as suggested by several authors,**>* the results
presented herein indicate that improved control of the depth
dependence of GB electrical properties, as well as the GB-to-GB
electrical property homogeneity, may be crucial for further
advances in the efficiency and performance of PSC devices.
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